The improved performance of Si quantum dot-based silicon nitride light-emitting devices with the inserted hole-blocking nc-Si layer was investigated. An enhanced electroluminescence (EL) efficiency of 200% from the SiN x -based LEDs is demonstrated through H 2 plasma treatment of the inserted nc-Si layer. The enhancement of an EL efficiency is depended on time for plasma treatment. Moreover, the injected current of the devices with H 2 plasma treatment is significantly higher than that of the device without H 2 plasma treatment under the same driving voltage. The Z-parameter of the devices increases from 1.25 to 1.41 after H 2 plasma treatment of inserted nc-Si layer. The inserted nc-Si layers with and without H 2 plasma treatment were further investigated by the Raman spectroscopy and the Fourier transform infrared absorption spectroscopy, respectively. It is suggested that the improved EL efficiency is due to the suppression of nonradiative recombination, which resulted from the hydrogen passivation that effectively reducing Si-related defect states of the inserted nc-Si layer.
Introduction
Realizing an efficient Si-based light source on the mass-produced Si chips is one of the key challenges in the future microelectronic and communication technology. Among the approaches used to fabricate high-performance Si-based LEDs, silicon nanostructures embedded in silicon oxide matrix received attention because of its excellent photoluminescence (PL) and optical gain [1] - [8] . However, this system faces difficulty in efficient electrical injection, which results from high potential barrier of SiO 2 matrix (9 eV). By comparison, Si 3 N 4 features lower band gap (5 eV) than SiO 2 , this lower band gap can significantly improve carrier injection, resulting in effective electroluminescence (EL) at low driving voltage from SiN x -based LEDs [9] - [16] . In Si/SiNx-based LEDs, light-emitting efficiency is limited by nonradiative recombination originating from defects in SiNx and imbalanced carrier injection, which is caused by asymmetric band offset between SiN x and Si nanostructure. To achieve highly efficient Si/SiN x -based LEDs, various methods were devoted to overcome above mentioned problems. To balance injection of electron and hole, nc-Si layer is inserted between SiNx emitter and p-type Si anode to suppress the holes overflow in Si/SiN x -based LEDs [17] . In addition, light-extraction efficiency was doubly en-hanced by patterned SiNx-emitting layer grown on annealed Si film of dense nano cones [18] .
In this work, a remarkable improvement of EL efficien-cy in SiN x -based LED with aluminum-doped zinc oxide (AZO)/SiN x /nc-Si/p-Si/Al multilayer structure were demon-strated by H 2 plasma treatment of nc-Si interlayer. Light emission efficiency was enhanced by more than 200% compared with LED without H 2 plasma treatment. High EL efficiency can be attributed to suppression of nonradiative recombination process. Improved performance of proposed LEDs was discussed in detail on basis of H 2 plasma treatment.
Experimental Details
The a-Si:H layer with thickness of 20 nm was first deposited on p-Si (100) wafers (2 cm) and quartz in very high frequency plasma enhanced chemical vapor deposition system using mixture of SiH 4 and H 2 as reactant gas sources at flux ratio of 1.5:80. Upon growing, radio frequency (RF) power, chamber pressure, and substrate temperature were 30 W, 60 Pa, and 250°C, respectively. After deposition, as-deposited films were first dehydrogenated at 400°C and then annealed at 1100°C in N 2 atmosphere for 30 min to transform ultrathin amorphous a-Si layer to crystalline. Subsequently, nc-Si films were exposed to RF-generated H 2 plasma under reaction pressure of 60 Pa for 20 and 60 min. H 2 gas flow rate was 30 sccm. For both processes, RF power and substrate temperature were maintained at 40 W and 250°C, respectively. Afterward, 40 nm thick SiN x film was grown on plasma-treated nc-Si layer by using H 2 and NH 3 -diluted SiH 4 as precursor gases. Flow rates of SiH 4 , NH 3 , and H 2 were maintained at 5, 20, and 90 sccm, respectively. RF power, substrate temperature, and deposition pressure were fixed at 30 W, 250°C, and 60 Pa, respectively. To fabricate LEDs, luminescent active layer was sputtered with dot-shaped AZO top electrode with diameter of 1.5 mm. Aluminum was evaporated on back of p-Si wafer surface. The SiN x -based LEDs were designated as device x (x = 0, 20, 60) with the H 2 plasma treatment time of 0, 20, and 60 min. Fig. 1 shows schematic structure of SiN x -based LEDs. Raman spectroscopy and Fourier transform infrared spectroscope (FTIR) was conducted to investigate microstructure and the bonding configurations of nc-Si films with H 2 plasma treatment at different treatment periods, respectively. Room-temperature EL spectra measurements were acquired on Jobin Yvon fluorolog-3 spectrophotometer. Fig. 2 , EL intensity of both SiN x -based LEDs increase with increasing injected current. Interestingly, remarkably enhanced EL intensity is observed in SiN x -based LEDs with H 2 plasma treatment in comparison with device without H 2 plasma treatment. Furthermore, by increasing H 2 plasma treatment time from 20 min to 60 min, EL intensity can be further improved at same injected current. This result indicates that enhancement of EL efficiency is significantly affected by H 2 plasma treatment of nc-Si interlayer. Fig. 3 shows the current-voltage curve of the devices with and without H 2 plasma treatment, respectively. It can be seen that the injected current of the devices with H 2 plasma treatment is significantly higher than that of the reference one under the same driving voltage. It means that the H 2 plasma treatment of nc-Si interlayer would result in an obvious decrease of the on-series resistance for the SiN x -based LEDs in our case. From the inset of Fig. 3 , it is also found that the current-voltage date from all the devices can well fitted by the ln(I)-E −1 relation, which demonstrates that the dominant conduction mechanism of our devices is Trap-assisted tunneling, as confirmed in our previous work. Fig. 4(a) shows integrated EL intensity of devices as function of injected current. EL intensity in both devices increased monotonically with increasing injected current. As shown in Fig. 4(a) , integrated EL intensity of all devices show linear relation with injected current, implying that EL emission mainly resulted from recombination of bipolar injected electrons and holes [17] . Meanwhile, EL intensity from device 60 is much intensive at same injected current. Under injected current of 14 mA, EL intensity significantly increases by more than 200% compared with device 0 without H 2 plasma treatment. External quantum efficiency (EQE) of EL for LEDs is defined as ratio of output power (P) to injected current, where P value is proportional to integrated EL intensity. EQE of devices can be compared quantitatively by comparing ratio of integrated EL intensity to injected current under the same injected current, as shown in Fig. 4(b) . Overall, EQE of devices with H 2 plasma treatment is remarkably enhanced compared with reference device 0 , and increased EL efficiency by 200% is obtained by H 2 plasma treatment for 60 min at injected current of 14 mA. Moreover, as indicated in Fig. 4(b) , EQE of reference device 0 degenerates gradually with further increase in injected current, and this phenomenon is possibly originated from Auger nonradiative recombination and/or carrier overflow [19] . This efficiency droop is overcome by H 2 plasma treatment of nc-Si interlayer. Improved EL characteristics in devices may be correlated with suppression of nonradiative recombination by H 2 plasma treatment of nc-Si interlayer. To understand improvement of EL efficiency of SiN x -based LEDs, Raman spectroscopy was performed to examine microstructure of inserted nc-Si layer with and without H 2 plasma treatment. Results are shown in Fig. 5 . Crystalline fraction X c can be evaluated from Raman spectrum using the following equation:
Results
where β is constant related to crystalline to amorphous phase scattering cross section ratio of 0.8. I c , I m , and I a are integrated intensities of crystalline Gaussian peak at around 520 cm −1 , intermediate Gaussian peak at around 510 cm −1 , and amorphous Gaussian peak at around 480 cm −1 , respectively [20] . For reference nc-Si layer, crystalline fraction X c is 78.7%. After H 2 plasma treatment for 60 min, crystalline fraction X c of nc-Si slightly increases to 83.6%, implying improvement in structural order of Si network. This phenomenon resulted from etching effect of hydrogen, which preferentially removes weak or strained Si-Si bonds [21] . However, the change in the crystalline fraction X c of nc-Si from the film before and after the H 2 plasma treatment are quite small. Thus, it is considered that the improvement of EL efficiency may be not originated from the improvement in crystalline fraction of nc-Si layer.
The local bonding configurations of the nc-Si layers were further investigated by FTIR spectra, as shown in Fig. 6 . The as-deposited a-Si:H film has the following vibrational absorption modes: the predominant absorption bands at 642 cm −1 and 2097 cm −1 are connected to the Si-H n wagging mode and the H-Si-Si 2 O stretching mode, respectively [22] . The 862 cm −1 band is ascribed to the H-SiO 3 bending mode [23] . In addition, the band located at 1035 cm −1 corresponds to the Si-O-Si stretching mode [23] . A remarkable feature of the FTIR spectra is that the signals of the H-Si related absorption bands are diminished after the films were annealed at 1100°C. This indicates that the Si-H bonds break, which would undoubtedly produce Si-related defects. After H 2 plasma treatment for 20 min, a weak absorption band located at 663 cm −1 , which is assigned to the Si-H n wagging mode, can be observed. This absorption band significantly increases with increasing H 2 plasma treatment up to 60 min, as shown in Fig. 6 . This obviously demonstrates that H 2 plasma treatment can facilitate Si-H bonds and thus passivate the Si-related defects. Therefore, the improved EL efficiency can be attributed to the hydrogen passivation, which effectively reduces Si-related defect state density in nc-Si interlayer.
The improvement of EL efficiency, ln(I)-ln(P 0.5 ) characteristics were also used to discuss dominant type of recombination in devices, as shown in Fig. 7 . Theoretically, given the Boltzmann statistics of carrier and absence of leakage currents, injected currents (I) can be related to carrier density (n) Fig. 6 . FTIR spectra of the as-deposited a-Si:H film and the annealed nc-Si film with and without H 2 plasma treatment, respectively. Fig. 7 . Plots of ln(I) versus ln(P 0.5 ) for the devices with and without H 2 plasma treatment, respectively. The P is characterized indirectly by the integrated EL intensity. The Z parameters calculated from the linear fittings of ln(I) versus ln(P 0.5 ) for each curve are also provided.
in devices; related equation is as follows:
where e and V represent electronic charge and active volume in devices, respectively. A, B, and C are coefficient associated with nonradiative recombination, bimolecular radiative recombination, and Auger-related recombination, respectively [24] , [25] . Assuming that current in devices originates from one of these recombinations, (2) can be transformed into the following format:
where C is constant [26] . In (3), the Z parameter may range from 1 to 3 for different recombination mechanisms in which the value of 1, 2 and 3 represent the nonradiative, the bimolecular radiative and the Auger dominated recombination process, respectively [17] , [26] . Therefore, dominant recombination in devices can be identified by linearly fitting ln(P 0.5 ) versus ln(I). From Fig. 7 , Z 0 value of 1.25 is obtained for reference device 0 without H 2 plasma treatment, indicating that nonradiative recombination is dominant process in devices. This result can be attributed in part to formation of nonradiative recombination centers, such as Si dangling bonds at interface of nc-Si. After H 2 plasma treatment of inserted nc-Si layer, Z value increased to 1.41, indicating increased bimolecular radiative recombination rate in devices. Clearly, H 2 plasma treatment effectively reduces Si-related defect states in nc-Si interlayer, and thus suppressed nonradiative recombination in the device to some extent.
Conclusion
In summary, enhancement of EL efficiency was observed in SiN x -based LED with AZO/SiN x /ncSi/p-Si/Al multilayer structure via H 2 plasma treatment of inserted nc-Si. Emission efficiency is significantly enhanced by more than 200% compared with device without H 2 plasma treatment. Moreover, the value of Z parameter from the device increases from 1.25 to 1.41 after H 2 plasma treatment of inserted nc-Si layer. Improved EL efficiency is attributed to suppression of nonradiative recombination, which resulted from the hydrogen passivation that effectively reducing Si-related defect state of the inserted nc-Si layer.
